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ABSTRACT
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Title of Study: Internal state variable plasticity-damage modeling of AISI 4140 steel
including microstructure-property relations: temperature and strain rate
effects
Pages in Study 58
Candidate for Degree of Master of Science
Mechanical structure-property relations have been quantified for AISI 4140 steel
under different strain rates and temperatures. The structure-property relations were used
to calibrate a microstructure-based internal state variable plasticity-damage model for
monotonic tension, compression and torsion plasticity, as well as damage evolution.
Strong stress state and temperature dependences were observed for the AISI 4140 steel.
Tension tests on three different notched Bridgman specimens were undertaken to study
the damage-triaxiality dependence for model validation purposes. Fracture surface
analysis was performed using Scanning Electron Microscopy (SEM) to quantify the void
nucleation and void sizes in the different specimens. The stress-strain behavior exhibited
a fairly large applied stress state (tension, compression dependence, and torsion), a
moderate temperature dependence, and a relatively small strain rate dependence.
Keywords: Finite Element Analysis (FEA) modeling, 4140 steel, Internal State Variable
(ISV), damage.
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CHAPTER I
INTRODUCTION
Physics-based materials models implemented in a finite element code constitute a
vital engineering predictive tool for ductile metals. From an engineering viewpoint, these
models lend themselves well for computing the mechanical response of components with
complex geometries and boundary conditions. In this work, the focus was on one such
physics-based model that includes microstructure-based internal state variables (ISVs) for
plasticity and damage based upon the work of Bammann. (1984, 1990), Bammann and
Aifantis (1989), Bammann et al. (1993), and Bammann et al. (1997) and later improved
by Horstemeyer and Gokhale (1999) and Horstemeyer et al. (2000a) by including void
nucleation, void growth, and void coalescence evolution equations. The void growth rule
by McClintock (1968) is used for voids growing from particles, and Cocks and Ashby’s
(1982) void growth rule is used for pre-existing voids. This model is capable of
predicting stress-strain and ductile fracture behavior under various strain rate,
temperature, and stress state conditions.
Although the model was developed for application of aluminum alloys by
Horstemeyer et al. (2000a); Jordon et al. (2007) and nickel by Jones et al. (2007), and
rolled homogenous armor (RHA) by Whittington et al. (2013) it has not been used for
steel alloy 4140. In this thesis, the model was applied to predict the mechanical behavior
of commercially available wrought 4140 steel. 4140 steel is a chromium-molybdenum
1

alloy steel with a 1.0 wt % chromium, 0.89 wt % manganese, 0.4 wt % carbon, 0.23 wt %
silicon, 0.21 wt % molybdenum, 0.021 wt % sulfur and 0.01 wt % phosphorus immersed
into a matrix of iron, located in the medium-carbon steel range. It is commonly used in
machinery steels due to its relatively high hardening sensitivity [ASM Handbook. (1990)]
and corrosion resistance. The chromium content provides good hardenability, and the
molybdenum imparts uniformity of hardness and high strength. This grade readily
responds to heat treatment and offers good machinability in the heat treated condition.
Although this alloy is a common steel, detailed structure-property relationships related to
mechanical plasticity and damage behavior have been lacking in the literature.
Furthermore, the application of a material model that captures the structure-property
behavior has not been addressed. The current study investigates the mechanical behavior
of AISI 4140 steel for different conditions of loading, temperature, and strain rate with a
focus on calibrating the microstructurally sensitive constitutive model of Horstemeyer et
al. (2000a).
The 4140 steel is now available with improved machinability, which greatly
increases processing feeds, while also extending tool life without adversely affecting
mechanical properties. Pre-hardened and tempered 4140 steel can be further surface
hardened by flame or induction hardening and by nitriding. Nowadays, 4140 steel is used
extensively in most industry sectors for a wide range of applications such as adapters,
arbors, axle shafts, bolts, crankshafts, connection rods, chuck bodies, collets, conveyor
pins and rolls, etc. In the automotive industry metallic parts are manufactured using
various grade of carbon steel.
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The mechanical properties of 4140 steel can be affected by different types of the
heat treatment processes, including full annealing, quenching and tempering. Full
annealing is obtained by increasing the temperature of the steel which transforms it into
another face centered cubic (FCC) phase (austenite), by slowing the cooling to room
temperature, gives a sufficient time for pearlite forming. Pearlite gives the steel increased
ductility with a decrease in strength. The purpose of quenching heat treatment is to
rapidly drop the steel temperature, inhibiting pearlite formation. High strength, quasibrittle martensite is formed during quenching. Tempering, is characterized by heating the
steel before reaching the eutectoid temperature at which a particular eutectic mixture
melts for a determinant amount of time, enabling the carbon atoms inside the martensite
to assume lower energy configurations, leading to tempered martensite. By applying this
processing method, lower-strength steels with improved ductility are obtained. Hence an
understanding at specific heat treatments on the resulting material properties are at
critical importance for design engineers.
Lance and Topping (2011), investigated three different heat treatments for 4140
steel (full annealing, quenching and tempering) on the resulting stress-strain behavior; in
that study they combined the quenching and tempering processes. Based upon this work
the 4140 steel can possess a wide range of properties that strongly depend its heat
treatment. Note that Young’s Modulus is somewhat insensitive to heat treatment. During
elastic deformation, the strain is proportional to the inter-atomic spacing. Since of the
bonding distance is not affected by heat treatment, the elastic moduli remain constant.
A number of studies have addressed welding 4140 steel with different types of
metals. Lee et al. (2004) explored the friction welding characteristics between TiAl and
3

AISI 4140 steel. Arivazhagan et al. (2006) investigated the effects of welding parameters
on hot corrosion in joining AISI 4140 and AISI 304 steels via friction welding under a
molten salt Na2SO4 + V2O5 (60%) environment at different cyclic temperatures (500 and
550°C). Celik et al. (2009) probed the mechanical properties and microstructure of
friction welded joints between 4140 and 1050 steels. Meysami et al. (2011), studied the
microstructure properties of direct-quenched and tempered 4140 steel.
The low-alloy 4140 steel possess a good combination of mechanical properties,
formability, weldability, and resistance to stress corrosion cracking and other forms of
corrosion Nascimento et al. (2001); I.S.S. Forum. (2007). Since 4140 steel maintains
these properties moderately high temperatures, since the term of the twentieth century, it
has been well-known that it is extensively used in the power generation industry Shushan
et al. (1996) the properties of steels are related to the chemical composition, processing
path, and subsequent microstructure of the material. For a specific type of steel
composition, the properties (yield strength and hardness etc.) are typically related directly
to the microstructure.
Processing (quenching, hot rolling, etc.) which can be used to improve and
control the 4140 steel microstructure Bruce et al. (2002). Kim et al. (2003) studied the
constitutive response of hot-rolled 4140 steel subjected to large strain at elevated
temperatures (900, 1000°C). They established different constitutive equations to
accurately predict the flow stress of 4140 steel. They performed hot torsion and
compression tests for different strain rate at both temperatures. A number of monotonic
stress states have been examined in different works. Lee and Uhlic. (1972) investigated
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the offset of 4140 steel microstructure heat treated to different Rockwell levels on
corrosion fatigue under different environments.
The aim of this thesis is to use mechanical structure-property relations developed
by Hortemeyer (2000a) to quantify the 4140 steel under different strain rates and
temperatures. The structure-property relations will be used to calibrate a microstructurebased ISV plasticity-damage model for monotonic tension, compression and torsion
plasticity and damage evolution in 4140 steel.
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CHAPTER II
MICROSTRUCTURE-BASED ISV PLASTICITY-DAMAGE MODEL OF AISI 4140
Kinematics of Macroscale Model
In continuum mechanics, a deformational process can be described by a
deformation gradient F (2nd rank tensor) which connects a point in a non-deformed state
with the same point represented in a deformed configuration Horstemeyer et al. (2000a).
In the case of a deformation process that admits a reversible elastic deformation
associated with the stretching of the crystalline lattice, and an irreversible plastic
deformation associated with the slip at the crystallographic level, the total deformation
gradient Horstemeyer et al. (2000a) can be multiplicatively decomposed as:
e

p

p

F  F Fv Fd

(2.1)
e

where, F (2nd rank tensor) is the total deformation gradient, F is the elastic
p

deformation gradient, F v (2nd rank tensor) is the volumetric component of the plastic
p

deformation gradient caused by damage evolution, and F d (2nd rank tensor) is the
deviatoric component of the plastic deformation gradient due to the plastic deformation
within the microstructure. This formulation of the multiplicative decomposition of the
total deformation gradient is a modified version of Bammann and Aifantis (1989) of the
former equation introduced by Lee (1969). The multiplicative decomposition can be
interpreted graphically as shown in Figure 2.1.
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F
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Figure 2.1

Schematic illustration of the multiplicative decomposition of a total
deformation process into elastic, plastic and damage components.

Note that: R0 is reference configuration, R1, R2 are intermediate configuration and R is
current configuration.
p

For the ductile metals, such as 4140 steel, the Jacobian of F d represents the
change in volume or change in density as a result of void nucleation and growth leading
to ductile failure of the material Horstemeyer et al. (2000a).

 
p

J d  det F d 

V2  0

V0  2

(2.2)

Note that V2 the volume at second intermediate configuration, V0 the volume at reference
configuration, ρ0 density at reference configuration and ρ2 density at second intermediate
configuration.
According to Equation 2.2, the damage  denoted by Horstemeyer et al. (2000a) is
defined as the ratio in volume from the state R0 (reference configuration) to R2
(intermediate configuration), as follows:
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V2  V0 Vv

V2
V2

(2.3)

Knowing that Vv is the void volume.
Damage Evolution by Void Nucleation, Growth, and Coalescence
Ductile failure occurs in ductile metals by void nucleation, growth and
coalescence Garrison and Moody (1987). In this work, we modeled damage evolution in
4140 steel following the formulation of Horstemeyer (2001):

  c part   pores 

(2.4)

where, c is the coalescence factor,  part is the damage caused by voids nucleated from
inclusion particles, and  pores is the damage caused by voids nucleated from pre-existing
pores. The damage caused by nucleation of voids from particles is given by:

 part  v

(2.5)

where,  is the nucleation factor, defined as the number of nucleated voids per unit
volume, and v is the average volume of the nucleated particle.
The void nucleation evolution equation developed by Horstemeyer et al. (2000a)
may be expressed as:
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p
d

d
K Ic 3

2

J
I
  4 J3 
 a   3   b 3  c 1
2
3
f   27 J 2 
J2
J2



  CT

 exp 
 T







(2.6)

where d is the average inclusion particle size; KIc is the plane-strain fracture toughness; f
is the initial void volume fraction due to inclusion particles; a, b, c and CT are material
constants; I1 is the first stress invariant; and J2 and J3 are the second and third deviatoric
stress invariants; and T is temperature.
McClintock’s void growth equation was used for void enlargement in an elasticplastic medium subjected to uniaxial loading McClintock (1968):



2 I1
4
3
v   R0 exp   t 
sinh 3 1  n 


3
21  n 
3 J2




 
 
 
 

3

(2.7)

where R0 is the initial void radius, (t) is the accumulated uniaxial strain over the period of
time t, and n is the strain-hardening exponent.
The damage originating from pre-existing pores in the microstructure was modeled
using the Cocks-Ashby void growth equation Cocks and Ashby (1982)





 pores  

1

 1   pores 

V (T ) / Y (T )


 22m  1  h  p
 1   pores  sinh 
 Dd

 2m  1  e 

(2.8)

where m is a material constant, h is the hydrostatic stress, and e is the equivalent von
Mises stress and V(T), Y(T) are yield functions.
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In the proposed model, coalescence arises as a result of the multiplicative relation
Equation. 2.5 between void nucleation and growth. It can be assumed Horstemeyer
(2001) that the coalescence causes a discontinuous jump in nucleation and growth, but
allows for a continuous variation of the total damage. Thus, a phenomenological
assumption is to represent the coalescence by the following expression
z

 DCS 0 
c  cc1  cc 2v 
 exp(TCTC )
 DCS 

(2.9)

where cc1, cc2, and CTC are material constants, and DCS0/DCS represents the effect of
grain size, knowing that DCS0 is the initial grain size, while DCS is the actual grain size.
A detailed explanation about the implementation of this model into the finite element
code ABAQUS Standard is given by Horstemeyer et al. (2000a).
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CHAPTER III
MODEL SETUP AND CALIBRATION ON AISI 4140
In this section, model correlation with experimental results obtained for uniaxial
tension, compression and torsion tests are presented for different strain rates and
temperatures.
Material Composition
AISI 4140 steel is a chromium-molybdenum alloy steel with a 0.4 wt % C, which
locates it in the medium-carbon steels range. It is commonly used in machinery steels due
to its relatively high hardening sensitivity ASM Handbook (1990) and corrosion
resistance. The chromium content provides good hardenability, and the molybdenum
imparts uniformity of hardness and high strength. This grade readily responds to heat
treatment and offers good machinability in the heat treated condition.
Many different types are commercially available. However, in this project, a colddrawn and commercially annealed type of 4140 steel was selected. Hence, all
experimental testing and results reported in this work were performed on this type of
steel, unless specified otherwise. Table 3.1 shows the chemical composition stated in the
“Certificate of Chemistry”:
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Table 3.1

Chemical composition of AISI 4140 steel in wt % using scanning electron
microscope (SEM).

C

Mn

P

S

Si

Ni

Cr

Mo

Cu

0.4

0.89

0.01

0.021

0.23

0.05

0.94

0.21

0.12

Al

V

Cb

Sn

0.014 0.004 0.002 0.007

Rockwell B Hardness measurements showed that the 4140 steel had values of
100+ 5 Rockwell B. The yield stress was measured at 480 MPa.
Pre-testing microstructural analyses using optical microscope and electron
backscatter diffraction (EBSD) revealed no pre-existing pores within the microstructure
of the material. However, some inclusions and second-phase particles were observed as
illustrated in Figure 3.1 (a) as black dots using a bright field contrast.

(a)
Figure 3.1

(b)

Optical micrographs of a diluted Nital etched AISI 4140 steel showing
pearlite structures with large cementite carbides in (a) a bright field
contrast, and (b) differential interference contrast (DIC) contrast.
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Experimental Data for AISI 4140 Steel
In order for a plasticity-damage model to accurately predict the mechanical
behavior of 4140 steel, it first needs to be calibrated. This is done through a series of
standard tension, compression and torsion tests. All tests were performed at room
temperature (300K) and three different strain rates: 10-4/sec, 10-3/sec, and 10-2/sec.
Additionally, tension and compression strain-rate tests were also performed at 500K.
Testing at different strain rates and temperatures allows for model calibration, as well as
verification of the 4140 steel applicability and accuracy of the model under different
conditions. The type and geometry of specimens used, along with a brief explanation of
the experimental setup is given next. Validation of the model was performed on notched
tension specimens at quasi-static and at room temperature conditions with three different
notch radii.
Specimen Geometries and Experimental Setup
Standard tension, notched tension, and compression tests of 4140 steel specimens
were performed on an INSTRON 5882 machine Figure 3.2; will a maximum load
capacity of ±100KN. Elevated temperature tests were performed using of a built-in
INSTRON 3119-407 forced air convection environmental chamber. This chamber
encloses the entire specimen as well as the action grips, and it is designed to work within
the temperature range of 123 to 623K (-150 to 350°C). A water-cooled INSTRON 2630052 extensometer was utilized to accurately monitor and control the strain rate in all
tension tests. Such an extensometer has a 1inch gage length and is designed to accurately
measure strains at temperatures up to 773K (500°C).

13

Due to the limitations (i.e., short axial specimens dimension to preclude ductility)
on the specimen geometry for our 4140 steel, strain rates on compression tests were
controlled by the displacement of the crosshead of the machine and the application of a
correction factor to the reported strain. The correction factor accounts for the compliance
of the machine components, and was obtained by testing specimens with known Young’s
modulus values. The compliance was accounted for in the stress-strain curves.

(a)
Figure 3.2

(b)

Photographs of the INSTRON 5882 machine used for tension, compression
and notched tension tests, showing the setup for testing at (a) room
temperature and (b) elevated temperatures.

AISI 4140 steel torsion tests were performed on an 809 MTS multi-axial load
frame machine Figure 3.3. This machine is capable of applying a maximum axial load of
±250KN and has a torsional capacity of 2.5KN-m. As in the compression tests, the strain
rate in torsion experiments was controlled by the rotation of the load cell, rather than a
14

torsional extensometer. The tests were run at a constant rotation rate of 0.43 deg/s with
zero axial force under axial set to load control. However, unlike the compression tests,
the machine compliance was assumed negligible. The assumption is reasonable in light of
the large machine dimensions and stiffness with respect to the specimen size, stiffness,
and strength.

Figure 3.3

Photograph of the MTS 809 machine used for monotonic torsion test.

Tension Specimens for AISI 4140 Steel
ASTM standard smooth round tension specimens for 4140 steel, hereafter referred
to as “tension specimens”, were utilized. Small changes in the dimensions were applied,
such as the lengthening of the gripping section, in order to guarantee a safe and tight
setup. The following Figure.3.4, shows a sketch with the final dimensions of such
specimens:
15

Figure 3.4

Sketch of round tension specimens used at two testing temperatures: 300K
and 500K (dimensions in inches).

Compression Specimens for AISI 4140 Steel
Compression tests were carried out on cylindrical specimens, originally extracted
from the gage length of the tension specimens. Hence, its diameter (D) is the same as the
diameter in the gage length of the tension specimens, while the length (L) is two times the
diameter. By staying close to this L/D relation, factors as bulging are avoided which
might otherwise affect the accuracy of the results. Both contact surfaces (top and bottom)
were lubricated with oil to reduce the friction. Figure 3.5 shows a sketch and dimensions
of this type of specimen:

Figure 3.5

Sketch of compression specimens used at two testing temperatures: 300K
and 500K (dimensions in inches).

Torsion Specimens for AISI 4140 Steel
Torsion experiments were performed on a ‘Lindholm’ torsion specimen type. The
geometry and dimensions of this type of specimens are given in Figure 3.6.
16

Figure 3.6

Sketch of Lindholm torsion specimens (dimensions in inches).

Notched Tension Specimens for AISI 4140 Steel
The geometry of the notched tension specimens, from now on referred only as
“notched specimens” or just “notched” (to differentiate them from the standard “tension
specimens”), corresponds to a Bridgman notched specimen. The type of specimens has
been used in previous studies Whittington et al. (2014) in Center for Advanced Vehicular
Systems (CAVS). Three notch radii were tested as shown in Figure. 3.7, i.e., R60, R100
and R150 corresponding to 0.060, 0.100 and 0.150 inches, respectively. All other
dimensions, including the diameter of the specimen (0.142 inches) at the notch remained
the same.
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(a)
Figure 3.7

(b)

(c)

Sketch of notched tension specimens used to validate the simulations.
Three notched radii were used: a) R60, (b) R100 and (c) R150 (dimensions
in inches).

Notched tension tests were controlled at constant cross-head displacement rate
(0.005mm/s), rather than at a constant strain rate. However, the notch displacement was
measured using mechanical extensometer that was attached to the gage section of the
specimen. It was assumed the measured deformation corresponds to the notch deflection.
Hence, there was no need to account for machine compliance.
Constitutive Model Calibration for AISI 4140 Steel
Before solving boundary value problems, the plasticity-damage model must be
first calibrated for a given material. Calibration simply means determining the ISV
constants using DMGfit model which combine both FORTRAN and Matlab by
processing user material subroutines (UMAT) in the model to describe the 4140 steel
material, and the results are shown with the model equations in (Appendix A). Some of
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these constants were determined by correlating the stress-strain behavior of the
aforementioned experimental testing; while the rest were obtained by microstructures
observations of the material.
Microstructural analyses revealed no pre-existing pores within the 4140 steel
material. However, some inclusions and second-phase particles were observed Figure 3.8.
Typically, voids nucleated from such particles. Thereby, an assumption of an initial void
radius was made, being this value the highest one observed. Other values used in this
model are: plane-strain fracture toughness KIC = 55 MPa m , average size of the particles
nucleating voids by either cracking or debonding from the matrix d = 50m, initial
volume fraction of particles f = 0.05, and the initial void volume fraction for preexisting
voids 0 = 0.001.

Figure 3.8

Optical microscope surface observations of the AISI 4140 steel showing
typical appearance unetched with inclusions and carbides.
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Tension and compression model were obtained using a finite element model of a
unit cube as shown in Figure 3.9 by applying boundary conditions: all six degrees of
freedom are fixed. The predicted stress-strain results were the same as using a full
specimen finite element model, but the advantage was a drastically reduced runtime.
Torsion model predictions Figure 3.10 were run over the entire specimen since no
simplification could be done for the geometry due to the nature of the loading. A refined
mesh was used, especially at the section of the notch where the interest of the analysis
was focused.

Figure 3.9

Unit cell used to characterize the mechanical behavior under tension
loading.
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Figure 3.10

Full three-dimensional torsion specimen model used to characterize the
mechanical behavior under torsion loading.

The results in Figure 3.10 shows the stress concentration in the notched region but almost
homogeneous deformation in the gage region.
Experimental results were correlated with the plasticity-damage model by
employing a nonlinear regression optimization method Horstemeyer (2000a). The
algorithm is capable of finding the best correlation for various curves simultaneously, i.e.
tension, compression and torsion. Figure 3.11 shows the (effective) stress-strain curves
for experimental data and the constitutive model results for tension, compression and
torsion tests at room temperature (300K) and a strain rate of 10-2/sec, with the set of
constants obtained from the DMGfit model calibration these constants are shown in
(Appendix A) for both plasticity and damage.

21

Figure 3.11

Effective stress-strain comparison between experiment (Exp) and model
(Mod) under tension, compression, and torsion for wrought AISI 4140 steel
at 300K and at a strain rate of 10-2 /sec.

The measured effective tensile, compression, and torsional true stress-strain
behavior of 4140 Steel is shown in Figure. 3.11. The 4140 steel exhibited lower yield
strength under torsional loading than under tensile or compression loading. Though,
when comparing tensile with compressive behavior, σy is almost the same for tension and
compression. For all the three stress states, the model predicts well the maximum stress
level and the work hardening in the saturation regime also the average fit error between
the experiment curves and the model prediction it doesn’t exceed 6%. The effect of
damage on the stress-strain curves is satisfactorily reproduced as well. Furthermore, for
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tensile, compressive, and torsion stress states, the yield point and the extent of hardening
at the initial stages of plasticity are well predicted by the model.
The ability of the model to predict temperature and strain-rate sensitivities was
also studied. The tension tests were performed at two temperatures, 300K and 500K, and
three strain rates, 10-4 /sec, 10-3 /sec and 10-2 /sec. For each of these six testing conditions,
the evolution of damage with strain was quantified through image analyses. Figure 3.12 (a) and (b) show the fracture surface of 4140 steel in uniaxial tension at strain rate of 10-2/sec
at two different temperatures: (a) 300K and (b) 500K that reveal at 300K we observe the big
voids compared to 500K. Next Figure 3.13 (a), (b) and (c) show the experimental and
predicted true stress-strain and damage-strain curves for 4140 steel in uniaxial tension at
different strain rate 10-2 /s, 10-3 /s, and 10-4 /s, respectively.

(a)
Figure 3.12

(b)

SEM images showing the fracture surface of 4140 steel in uniaxial tension at
strain rate of 10-2/sec at two different temperatures: (a) 300K and (b) 500K.
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Figure 3.13

Model/experimental correlation showing the true stress–strain behavior and
damage evolution at two different temperatures (300K and 500K) for 4140
steel in uniaxial tension at different strain rate: (a)10-2 /s, (b)10-3 /s, and
(c)10-4 /s.
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Figure 3.13 (Continued)

The plasticity-damage model predicts well the overall tendencies of the tension
mechanical response as a function of temperature and strain rate. Particularly, the yield
point, the overall work hardening and the effect of damage after ultimate stress were well
predicted. Also, the model was able to capture the minor strain-rate sensitivity of the
overall stress-strain curves for both temperatures observing that true strain associated
with accumulate damage increase concluding that there is strain rate dependence,
although at lower strain rate 10-4 /s got more strain noticing the gap is big for lower strain
rate leads to increase the nucleation, growth, and coalescence which is in agreement with
Hodgson and Brownrigg’s results (1993).
However, in the upper strain-rate range (10-4-10-2/s) investigated here, ductility
increased as the strain rate increased. This increased ductility is most likely due to the
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more uniform stress in the sample and correspondingly less damage localization at higher
strain rates. To define the fracture point, a final damage level before final separation was
chosen in the model as 0.045. This value for the final damage level was chosen given the
high fracture toughness of steel. The same value was assumed for both testing
temperatures (300, 500K).
For the uniaxial tension tests at 500 K the model accurately predicts the initial
yielding and work hardening, as evidenced by Figure 3.13. The model constants were
determined from a tensile test conducted at a strain rate of 10-3/s. As such, the model
correlations to the strain rate tests of 10-4/sec and 10-2/sec gave slightly different answers
higher than the experimental values. Since the final damage level failure was chosen to
be 0.045, the fracture strain difference might be a function of the final damage level
being different for different strain rates and temperatures. A more comprehensive study
of the progressive advance of damage should be performed in a tensile specimen by
monitoring void nucleation, growth and coalescence in real time with an in-situ x-ray
machine or similar equipment to clarify this aspect.
Figure 3.13 also shows how that the model can capture the temperature dependent
behavior of the fracture process as denoted by the constants (Appendix A) for void
nucleation and void coalescence. Considering the 10-4/s applied strain rate (Figure 3.13
(c)), the 500K model and experimental results gave fracture strains of approximately
12%, but the 300K model/experimental results showed a fracture strain of approximately
9%. This increase in fracture strain as the temperature increased was also observed in the
higher applied strain rate cases Figure 3.13 (b) 10-3/s and (a) 10-2/s.
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A comparison of the ISV nucleation model results to the experimental results
from the image analysis of the fracture surfaces is presented in Table 3.2. The damage
related values are given for each case separately, experiment and model prediction for
three different strain rate. Figure 3.14 and 3.15 shows a comparison of the ISV nucleation
model and the experimental results from image analysis of the fracture surface for all
three different strain rates at the two temperatures, (300 and 500 K). For both
temperatures, the damage was more important for low tensile strain rates, Figure 3.13 (c),
it exceeded 5% at 10% strain, while at Figure 3.13 (a) and (b) it only reached 1.5%. At
relatively low strain rates, the characteristic relaxation time for void growth enhances the
effect of creep on void surface diffusion. Both void growth and coalescence are
substantial, allowing individual voids to reach relatively larger sizes and promoting
earlier material failure. However, material softening with increasing temperature
counterbalanced the tendency of creep to promote damage, giving rise in ductility at
500K that is comparable to that obtained at higher strain rates at 300K.
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Table 3.2

Comparison of data for the AISI 4140 steel tensile specimen fracture
surfaces and model.

300 K (experimental)

10-2 /
sec

10-3 /
sec

10-4 /
sec

300 K (model)

500 K (experimental)

500 K (model)

σmax = 859.613 MPa

σmax = 845.47 MPa

σmax = 788.91 MPa

σmax=794.973MPa

f = 0.10362 mm/mm

f = 0.107957 mm/mm

f = 0.11613 mm/mm

f=0.120446mm/mm

σf = 732.776 MPa

σf = 828.20 MPa

σf = 707.75 MPa

σf = 780.52 MPa

 = 0.141 · 106 #/mm2

 = 0.30329 · 106 #/mm2

 = 0.292 · 106 #/mm2

 = 0.26249 106 #/mm2

 = 0.0997

 = 0.0216765

 = 0.2502

 = 0.0227271

σmax = 849.444 MPa

σmax = 844.89 MPa

σmax = 836.718 MPa

σmax = 795.075 MPa

f = 0.094027 mm/mm

f = 0.09894 mm/mm

f = 0.117302 mm/mm

f = 0.122218 mm/mm

σf = 740.949 MPa

σf = 829.873 MPa

σf = 780.469 MPa

σf = 780.00 MPa

 =0.188 · 106 #/mm2

 = 0.30367 · 106 #/mm2

 =0.342 · 106 #/mm2

 = 0.26355 106 #/mm2

 = 0.1749

 = 0.0201853

 = 0.3917

 = 0.0233672

σmax = 831.674 MPa

σmax = 844.894 MPa

σmax = 818.816 MPa

σmax = 795.075 MPa

f = 0.09053 mm/mm

f = 0.095219 mm/mm

f = 0.11828 mm/mm

f = 0.122103 mm/mm

σf = 717.157 MPa

σf = 778.90 MPa

σf = 748.71 MPa

σf = 731.21 MPa

 = 1.089 · 106 #/mm2

 = 1.00592 · 106 #/mm2

 = 0.621 · 106 #/mm2

 = 0.88178 106 #/mm2

 = 0.2265

 = 0.0828216

 = 0.2136

 = 0.0876895

σmax = (maximum stress), f = (failure strain), σf = (fracture strength), = (#number of
voids/unit area), = (damage or porosity)
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Figure 3.14

ISV measured and predicted number density of voids (η) obtained through
image analyses on the fracture surface of tension specimens tested at 300K
and at different strain rates.

Figure 3.15

ISV measured and predicted number density of voids (η) obtained through
image analyses on the fracture surface of tension specimens tested at 500K
and at different strain rates.
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Note that the model significantly under predict the actual damage rate variables at
300K Figure 3.14 regardless of the strain rate. The difference in damage between the two
300K and 500K Figure. 3.14, 3.15 is however reduced when the strain rates increases.
The model seems to capture the essential response due to the presence of damage, but the
absolute values depart substantially from the experimental ones. The result obtained is
probably due to the void measurement method which was directly performed on the
fracture surfaces. A measurement of void size on the fracture surface would have the
tendency to overestimate the total void volume fraction in the sample, but not the void
number density. In fact, the model captured well the tendency of void nucleation for all
temperatures and strain rates, which corroborate the fidelity of the model. The higher
damage () extent and number density () at 300K and 500K is likely governed by
nucleation, especially at low strain rates. For both temperatures the gap between the
experiment result with model simulation tend to decrease as the strain-rate increases,
which a phenomenon is purely related to the nucleation rate as a main driving force for
damage evolution.
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CHAPTER IV
MODEL VALIDATION ON AISI 4140
Once the plasticity-damage model constants were determined from the calibration
experiments, validation experiments were performed to the model calibration. A
summary of the plasticity and damage behavior of the 4140 Steel material for the case of
notch tension specimens is presented in this section. One goal of employing these
specimens is to analyze how different triaxiality conditions influence the damage
behavior of the material. Three specimens with different notch radii were chosen for
analysis. They were labeled R60, R100 and R150 having notch radii of R = 0.060 in, R =
0.100 in and R = 0.150 in Figure 3.7, respectively. However, Bridgman characterizes the
notch specimens by the ratio between one half of the cross-sectional radius measured at
the center of the notch, a, to the notch radius, r. Hence, the labels R60, R100 and R150
correspond to ratios of a / r = 0.071/0.060 = 1.18, a / r = 0.071/0.100 = 0.71 and a / r =
0.071/0.150 = 0.47, respectively.
Tensile Load Versus Displacement Curves for AISI 4140 Steel
One-eighth symmetry ABAQUS finite element models were generated to
simulate each at three notched tension specimens (R60, R100 and R150). The damageplasticity materials model was implemented in the finite element code to predict the
response of 4140 steel material specimens. Finite element predictions of the forcedisplacement response were compared to nominal experimental results from six notch
31

tension tests for each specimen configuration. Figure 4.1 shows the tension loaddisplacement behavior of the plasticity-damage model and experimental data. All three
notch radii were experimentally tested at the cross-head of 0.005mm/s. The same
boundary condition was applied to the finite element model.

Figure 4.1

Model prediction and experimental load-displacement curves for the notch
Bridgman specimens tested at 300K and 0.005 mm/s.

The model correctly predicts the maximum load and fracture displacement for the
R60 specimens. All predicted load-displacement curves show a very slight variation in
the elastic slope, while in the experiments the variation is more noticeable.
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From the Figure 4.1 deducing that stiffness and apparent yield is going to be
reflected by continuum values for the entire gage section for either ultimate load Fult, or
strength, although the failure displacement is driven by minimum cross section area of
the section, ultimately the initial apparent stiffness is strongly influenced by the entirely
cross section area. Again based on the results shown in Figure 4.1 the ultimate load is
matched very well, and the difference in the fracture displacement which is around 10%
for the three notch radii is reasonable.
Damage and Triaxiality Correlation for AISI 4140 Steel
Damage levels are typically proportional to the stress triaxiality level (McClintock
(1968), Rice and Tracey (1969), and Horstemeyer et al. (2000b)). Thus, higher levels of
stress triaxiality will not only cause an increase in the fraction of nucleated voids but will
also induce higher void growth and coalescence rates, and larger voids on the fracture
surfaces.
As part of the validation process for the plasticity-damage model, the damage
entities were quantified under different stress triaxialities reflected by each of the notch
tension specimens for 4140 steel described above. Damage and triaxiality related
contours obtained by finite elements simulations are given in Figure 4.2 by using
ABAQUS, while developing the geometry a refined mesh was used at the section of the
notch where the interest of the analysis was focused.
In Figure 4.2, the central of the specimen at minimum notch radius in each
specimen corresponded to the zones of highest levels of both damage (left) and triaxiality
(right). Note in Figure 4.2, the areas associated with both damage and triaxiality are
similar in size for a given notch radius. This underscores close relationship between
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damage and triaxiality as traixiality increases the voids/damage increase. Not
surprisingly, regions of high triaxiality/damage occur at the center of the specimen rather
than at the edges; this observation is consistent with Bridgman (1923) which were
confirmed by Lu et al. (1998) for a steel and by Horstemeyer et al. (2003) for an
aluminum alloy. As expected, the degree of the triaxiality/damage decrease with
increasing notch radius (r); this results makes sense since the stress concentration
decreases with decreasing r.
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Figure 4.2

Damage (left) and triaxiality (right) contours obtained using finite element
simulations of tension on 1/8 of the notch Bridgman specimens at room
temperature with three different notch radii ratio, a/r= (a) 1.18, (b) 0.71,
and (c) 0.47.

35

(a) R60
Figure 4.3

(b) R100

(c) R150

SEM fractographs showing damage formation in the fracture surfaces of
notch specimens for AISI 4140 tested at room temperature with a/r ratios
of (a) 1.18, (b) 0.71 and (c) 0.47. [magnification=27X]

Fractographic analyses of the fracture surfaces of each specimen were performed
using SEM. The fractographs of each tested specimen are shown in Figure 4.3 with
(magnification=27X). For each specimen, the fractographs of Figure 4.3 reveal an outer
ring with substantially less damage. This region is characterized by smaller dimples and a
more planar fracture surface. Proportionally more void nucleation/ growth/ coalescence
occurs in an interior circular domain; this region increases in diameter with decrease
(a/r). The transition from the region of high triaxiality/damage to that of flat fracture is
mediated by a sharp ridge, which was likely formed due to pronounced local stress
gradients. This is similar to the cup-and-cone failure of very ductile materials in which
the shear zones cause lip in the outer region Horstemeyer (2000a). The measured sizes of
the interior damaged regions reasonably match these predicted and reported in Figure 4.2.
The domain with high stress triaxiality is mainly characterized by the greater
presence of large voids. Such voids result from the combined action of higher growth
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rates and earlier void coalescence. Figure 4.4 shows micrographs of fracture surfaces
revealing the extent of dimple size in all the three different notch size specimens
(magnification= 5,000X). Table 4.2 summarizes the stereological data (average void size
(d), the associated void area, void growth (v.c), number density of voids (and total
void volume fraction () for the center region and edge regions of the three notch
specimens. These data quantify the following microstructural characteristics at fracture:
the average void size (d), the associated void area as defined by the multiplication of the
coalescence with the void growth (v.c), number density of voids (), and total void
volume fraction () as per the damage definitions of Horstemeyer et al. (2000a).
Figure 4.5 illustrates the trends from the data from the experiments and predicted
one. In all three specimens the number density of nucleated voids was greater near the
specimen edges. As the notch root radii decreased (greater notch ratio, a/r), void
nucleation increased near the specimen edge for the smaller notch, but decreased in the
center of the specimen. In the outer radius of the notch, the triaxiality was not high
enough to appreciably accurate individual void grow than coalescence. Hence, the
number density of voids () was substantially higher in this region compared to the
interior domain with high triaxiality.
In the interior region, however, there are two different populations of voids: large
spherical voids and thin elongated voids. The former voids likely emanate from nucleated
at cementite particles Figure 4.4b. The elongated voids likely all correspond to the
cementite needles associated with the pearlite structure. The few apparent small spherical
voids in the micrographs likely emanate from pearlite structures elongated perpendicular
to the fracture surface. Since the growth rate of voids is dictated by the local curvature,
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voids nucleated on pearlite structures primarily grow from the needle-like tips where the
local curvature is sharp. Hence, these voids conserve their nucleated shape. The voids
nucleated at dispersed cementite particles, rather from pearlite needles, can grow faster
and larger since their local curvature is nearly uniform around the void. This marked
contrast in void size populations within the inner regions of the specimens gives rise to
the tortuous interior fracture surfaces shown in the SEM micrographs of Figure 4.4.
The transition from the flat-fracture region to the interior region with high
damage/triaxiality occurred because the primary dissipation mechanism switched from
void nucleation in the outer region to void growth and coalescence in the inner region.
Figures 4.5 (a) and (b), evidence that as the notch radii decreases (notch ratio a/r
increased), the stress triaxiality increases and hence the void size and associated area
increase. Therefore, the total damage was greater in the inner region since the notch
curvature was higher Figure 4.5(d).
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(a)
Figure 4.4

(b)

(c)

SEM images showing the dimples at the fracture surface of the notch
specimens for AISI 4140 tested at room temperature at the center (top) and
the edge (bottom) for the notch radii ratio a/r: (a) 1.18, (b) 0.71 and (c)
0.47. [magnification=5,000X]
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Table 4.1

Experimental data (Image Analyzer) for the AISI 4140 steel for notch
tensile specimens at room temperature (300K).
Notch ratio(a/r)

Center
d= 0.6427 m
v∙c = 0.3245 m2
 = 1.7844 #/m2
 = 0.5790
d= 0.3828 m
v∙c = 0.1151 m2
 = 3.6018 #/m2
 = 0.4145
d= 0.3952 m
v∙c = 0.1227 m2
 = 3.0315 #/m2
 = 0.3719

1.19

0.71

0.47

Edge
d= 0.2454 m
v∙c = 0.0473 m2
 = 5.7270 #/m2
 = 0.2708
d= 0.1820 m
v∙c = 0.0260 m2
 = 5.0745 #/m2
 = 0.1320
d= 0.1608 m
v∙c = 0.0203 m2
 = 3.8730 #/m2
 = 0.0786

Average void size (d), the void growth (v.c), number density of voids (and total void
volume fraction ()
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Figure 4.5

(a)

(b)

(c)

(d)

Experimental fracture surface data of three different notch root radii (a/r)
notch ratios were 1.18, 0.71 and 0.47 for the center and edge regions of the
AISI 4140 specimens:

(a) Diameter of voids (d), (b) area of the voids that grew and coalesced (v.c), (c) void
nucleation (number density) (and (d) total damage (void area fraction) ().
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CHAPTER V
SUMMARY, CONCLUSIONS, RECOMMENDATION
An internal state variable constitutive model was used to study the effect of
microscale plasticity and damage on the failure behavior of commercially available 4140
steel. The model was first calibrated using experimental data obtained from tension,
compression and torsion tests that permitted the characterization of the material. Then the
model was validated using tensile tests performed on notch specimens with different
stress triaxialies. The analysis was performed by comparing the experiments with model
prediction of the load against displacement responses. The model predicted satisfactorily
the mechanical behavior of 4140 steel, even though some differences were observed in
the experimental results. Such differences were attributed to experimental uncertainties
and model approximations.
The model calibration experiments focused on correlating the yield and work
hardening parameters to the stress-strain behavior under tension, compression, and
torsion loading, while the damage portion of the model was correlated to tensile tests
under different strain rates and temperatures. The model predicted accurately the onset of
yielding, work hardening, and recovery, as well as captured the damage states at different
strain rates and temperatures.
Once the model calibration and characterization experiments were performed,
validation experiments using notched tensile tests were conducted and used to confirm
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the plasticity-damage model. The notch specimens provide stress and strain gradients
along with stress triaxiality gradients from the specimen center to the outer radius. Model
validation involved comparison between model predictions of (nucleation, growth, and
coalescence ISV’s) and observations from fracture surface analyses with scanning
electron microscopy and the load-displacement behavior for three different notch root
radii. Fractographic examinations of the failed notch specimens revealed two zones
clearly defined: a high stress triaxiality region in the specimen center and an outer region,
which was a circular band that was of low stress triaxiality and high shear. The size of the
dimples observed in the center region of the notch specimens were approximately eight
times larger than in the outer low-triaxiality band. However, the outer band incurred a
higher void nucleation level. The larger dimple sizes within the center of the specimen
resulted from the void growth and coalescence. The size of the high-triaxiality area was
also observed to increase as the notch radius decreased. These results matched those
predicted by the plasticity-damage model.
In term of validation, uncertainty plays an important role in the experiments and
modeling based upon Coleman and Steele (2009). Hence, the model uncertainty was
considered inside the range of the experimental data’s uncertainty, that is why the model
is said to be validated. The uncertainties that one must reflect in the validation as well as
in the usage of the uncertainty in the design context. After validated the model it can be
used for simulation-based design. As demonstrated in this work by using this scale
modeling (microscale), which has the ability to ameliorate the conundrum, trading off
higher-fidelity physics against computational cost and revolutionizing simulation-based
design and manufacturing. Different types of optimization algorithms exist since there are
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no unique solutions. These can be divided into four main categories known as gradientbased methods, gradient-free methods, population-based methods and other methods. In
the end, higher quality, more optimized designs are admissible today because of the
convergence of computing power, experimental validation techniques, and availability of
advanced numerical algorithms.
Finally, the added value of this work is to model the structure property
relationships of the 4140 steel alloy, this is the first time that the ISV plasticity-damage
model had all stress states (tension, compression and torsion), temperatures, and strain
rates exercised for any material.
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The internal state variable (ISV) plasticity-damage model was based upon
Bammann et al. (1984, 1989, 1990, and 1993) and Horstemeyer et al. (1999, 2000, and
2001) to account for stress state dependent and temperature dependent damage evolution.
The pertinent equations in this model are denoted by the rate of change of the observable
and ISV’s. The equations used within the context of the finite element method are given
by:
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The rate equations A.1-A.4 are generally written as objective rates (  ,  ) with
indifference to the continuum frame of reference assuming a Jaumann rate in which the
e
continuum spin equals the elastic spin ( W  W ). The ISV Equations A.1-A.11 are

functions of the observable variables (temperature, and rate of deformation). In general,
the rate equations for generalized displacements, or thermodynamics fluxes describing
the rate of change may be written as independent equations for each ISV or as derivatives
of a suitably chosen potential function arising from the hypothesis of generalized
normality Rice (1971). An advantage of assuming generalized normality, although
somewhat restrictive, is unconditional satisfaction of the Kelvin inequality of the second
law of thermodynamics A.12 (nonnegative intrinsic dissipation), i.e.
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The selection of the ISVs may, in principle, be somewhat arbitrary, but the
kinematic hardening, isotropic hardening, and damage rate equations are physically
motivated and strongly influence the history of the material. The ISV model accounts for
deviatoric inelastic deformation resulting from the presence of dislocations in
crystallographic material, dilatational deformation, and ensuing failure from damage
progression. Damage will reduce the material strength, enhance the inelastic flow, and
soften the elastic module.
In Equation A.1, the elastic Lame constants are denoted by  and  . The elastic
rate of deformation ( D e ) which is 2nd rank tensor results when the flow rule as shown in
Equation A.1 is subtracted from the total rate of deformation ( D ) 2nd rank tensor, which
is defined by the boundary conditions.
The independent variables for the inelastic rate of deformation are given in
Equation A.3 as the stress, temperature, and internal state variables. This is similar to
power law and Garofalo equations for creep except that the ISVs are now included. The
deviatoric inelastic flow rule, D in (flow rule), encompasses the regimes of creep and
plasticity and is a function of the temperature, the kinematic hardening ISV (  ), the
isotropic hardening ISV ( R ), the volume fraction of damaged material ( D ), and the
functions f T  , V T , and Y T  known as yield functions Equation A.13, which are
related to yielding with Arrhenius-type temperature dependence T. The function Y T  is
the rate-independent yield stress. The function f T  determines when the rate52

dependence affects initial yielding. The function V T determines the magnitude of ratedependence on yielding. These functions are determined from simple isothermal
compression tests with different strain rates and temperatures,
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A.13

The kinematic hardening ISV,  reflects the effect of anisotropic dislocation
density, and the isotropic hardening ISV R , reflects the effect of the global dislocation
density. As such, the hardening Equations A.4-A.5 are cast in a hardening-recovery
format that includes dynamic and static recovery. The functions rs T  and RsT  are
scalar in nature and describe the diffusion-controlled static or thermal recovery, while

rd T  and Rd T  are scalar functions describing dynamic recovery. Hence, the two main
types of recovery that are exhibited by populations of dislocations within crystallographic
materials are captured in the ISVs. The anisotropic hardening modulus is h T  , and the
isotropic hardening modulus is H T  Horstemeyer et al. (1995).
The hardening module and dynamic recovery functions account for deformationinduced anisotropy arising from texture and dislocation substructures by means of stressdependent variables. Miller and McDowell (1992) showed that by using third deviatoric
'

stress invariant J3 in the hardening equations the different hardening rates between
axisymmetric compression and torsion (torsional softening) were accurately captured.
Miller et al. (1995) and Horstemeyer et al. (1995) included this feature in the Bammann
ISV model as:
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2
where, the second deviatoric stress invariant J2'   '   and the third deviatoric
2

1
3
stress invariants J3 '  '   . The deviatoric stress  ' is expressed in indicial notation
3

as:
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1
3

 ij '   ij  ii
A.20
The damage variable D Equation A.1-A.3 and A.6 represents the damage fraction
of material within a continuum element. The mechanical properties of a material depend
upon the amount and type of microdefects within its structure. Deformation changes
these microdefects, and when the number of microdefects accumulates, damage is said to
have grown. The notion of a damaged state in continuum field theory emerged when
Kachanov (1958) introduced a damage variable to describe the microdefect density
locally in a creeping material. The idea was that damage could be measured by the
volume fraction of voids under creep conditions. Rabotnov (1969) furthered this notion
with a rate equation of void density.
Equation 2.5 introduces the void volume fraction (porosity) as damage. By
including damage, D or porosity,

 , as an ISV, different forms of damage evolution

rules can easily be incorporated into the constitutive framework. Bammann et al. (1993,
1996) and Horstemeyer (1992, 1993) have demonstrated the applicability of the Cocks
and Ashby (1980) void growth rule used as the damage rate equation in the ISV model.
The generalized thermodynamic force conjugate,  is often referred to as the
energy release rate for elastic brittle materials and the J-integral for inelasticity. In
essence, an increment of damage will have associated energy released per unit damage
extension as new damaged area (or volume) is developed.
In Equations A.6-A.11, the damage progression is divided into void nucleation
and growth from particles and from pores. Coalescence is introduced to reflect pore-pore
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interactions and particle-pore interactions as expressed in Equation A.10. The void
nucleation evolution described by Equation A.8 is discussed in length by Horstemeyer
and Gokhale (1999). The void growth related to particles, Equation A.9, is that from
Budiansky et al. (1982). Other forms can be used and evaluated Horstemeyer et al.
(1999), but this equation allows for a strain rate sensitivity in relation the plasticity model
(m=V(T)/Y(T)). For the porosity evolution, the Cocks and Ashby (1981) void growth rule
is used as shown in Equation A.11.
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Table A.1

Microstructure-property (elastic-plastic) model constants for AISI 4140
steel

AISI 4140 steel

Constants

Constants for J/B
formulas for G and K

G (MPa)

Values
94,882 (input)

a

0 (input)

Bulk (MPa)

194,283(input)

b

0 (input)

Melt temp (°C) 1,415 (input)

Specifies the yield stress

Kinematic hardening
and recovery terms

Isotropic hardening
and recovery terms

Hardening and Recovery
Temperature
*Values from DMGfit Calibration
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C1 (MPa)

0 (output)

C2 (K)

0(output)

C3 (MPa)

320(output)

C4 (K)

0(output)

C5 (1/MPa)

1E-05(output)

C6(K)

0(output)

C7 (1/MPa)

0.2965(output)

C8 (K)

0(output)

C9 (MPa)

21,296.5(output)

C10 (K)

0(output)

C11 (s/MPa)

0(output)

C12 (K)

0(output)

C13 (1/MPa)

3.15653(output)

C14 (K)

0(output)

C15 (MPa)

85,824.6(output)

C16 (K)

0(output)

C17(s/MPa)

0(output)

C18 (K)
Ca

0(output)
-5839.84(output)

Cb

0.12718(output)

Init.temp (K)

300

Heat gen.coeff

0.34 (input)

500

Table A.2

Microstructure-property (damage) model constants for AISI 4140 steel

AISI 4140 steel

Constants

Values

McClintock void growth

Void growth exp

0.3 (input)

Initial rad (mm)

0.0001(input)

a

0.0001(output)

b

150(output)

c

40(output)

Nuc. Ccoef

750 (output)

Nucleation

Fract. Toughness (MPa√m) 1,285(input)

Coalescence

Part.size (mm)

0.005(input)

Part.vol.fract

0.062(input)

cd1

1.02(output)

cd2

20(output)

dcs0 (mm)

0.013(input)

dcs (mm)

0.013(input)

dcs exp,Zz

1(output)

Nearest neighbor. dist

0.02(input)

(mm)
CA pore growth

Init. void vol Frac.

0.0001(input)

Nucleation

NTD Nuc. Temp. depend.

-100(output)

Coalescence

CTD Coal. Temp. depend.

0.0005(output)

Yield Strength

C19

0(output)

Adjustment terms

C20

0(output)

*Values from DMGfit Calibration
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